ABSTRACT We have previously observed that the hydrophobic polyeleclyte poly(2-ethylacryfic aad) solubilizes lipid mnembranes in a pH-dependent manner, and we have explited this phenomenon to prepare lipid vesicles that release their contents in response to pH, light, or glucose (Thomas, J. L., and D. A. Tirrell. Acc. Chem. Res. 25:336-342, 1992.) The physical basis for the interacfion between poly(2-ethylacrylic acid) and lipid membranes has been explored using surface tensionetry and fluorimetry. Varying the polymer concentration results in changes in surface activity and membrane binding that correlate with shifts in the citcal pH for mermbrane solubilization. Furthermore, the binding affinity is reduced as the amount of bound polymer increases. These results are consistent with a hydrophobically driven micellization process, similar to those observed with apolipoproteins, melittin, and other amphiphilic a-helix-based polypeptides. The absence of specific secondary strure in the synthetic polymer suggests that amphiphilicity, rather than sbtrcture, is the most important factor in membrane micellization by macromflecules.
INTRODUCTION
The ability of macromolecules to control membrane structure or permeability is of central importance in biology and biomimetic chemistry. Synthetic polymers are currently used to modify membrane properties in liposomal drug delivery systems (Needham et al., 1992) and to enhance the rate of membrane permeation by hydrophobic fluorescent dyes. The hydrophobic polyacid poly(2-ethylacrylic acid) (PEAA, 1) exhibits a pH-dependent interaction with biological membranes: it acts as a molecular switch, permeabilizing and solubilizing membranes at slightly acid pH (pH -6.3), while having no effect at alkaline pH (Thomas and Tirrell, 1992) . This "environmentally sensitive" membrane control has potential applications in therapeutics and biosensors. The structures and properties of biological membranes are controlled in vivo by proteins, which are polyelectrolytes of precise sequence, molecular weight, stereochemistry, and conformation. These proteins contain structural features that allow exquisite temporal and spatial specificity of their actions on membranes by enabling them to be recognized by appropriate controlling enzymes. In contrast, PEAA is poly- vesicles in response to pH in a cooperative manner, "tuning on" over a very narrow pH range (0.1 pH unit). Because the statistical nature of PEAA ensures that this behavior is not critically dependent on any specific details of macromolecular structure, study of the physical basis of the interaction of this polymer with membranes may lead to the identification of some general principles of membrane control by macromolecules.
We report herein the use of surface tension measurements to characterize changes in the surfactant capability of PEAA with pH. In addition, we have examined the changes in the critical pH for membrane solubilization with varying polymer concentration and found that the pH shift is close to that predicted from the changes in interfacial free energy per molecule. A fluorescently labeled polymer was used to confirm that the polymer shows pH-dependent membrane binding. Finally, polymer binding showed diminishing membrane affinity with increasing adsorption in a manner not consistent with polymer charge-charge repulsion, but consistent with changes in membrane surface energy.
MATERIALS AND METHODS
PEAA was synthesized as descnrbed previously (Ferritto and Tirell, 1992) and had a weight average mokcular weight of -30 kDa, determied by gel permeation chromatography (TSK6500 and TSK6300 columns) with poly-(ethylene oxide) standards (Toyo Soda Co., Tokyo, Japan). Fluorescent labeling of the polymer was accomplished by reacting dansyl chloride (Aldrich, Milwaukee, WI) with ethylenediamine (Aldrich) to form N-dansyl ethylenediamine, and then coupling the N-dansyl ethylenediamine to the carboxyl groups on the polymer via an amide bond-The procedure is detailed in the reference by Devlin (1990 (Joyce and Kurucsev, 1981) . Below this pH, water is a poor solvent for the polymer chain. As a consequence, the formation of loops and tails by the adsorbed polymers will be energetically less favorable (de Gennes, 1981) , and a larger area of the surface will be obstructed by each adsorbed molecule, resulting in a smaller surface excess. In general, however, the surface excess of PEAA is very high at pH 7.8 or lower. The hydrodynamic radius of the polymer has been measured by quasielastic light scattering to be -5 nm (Eum (Onsager and Samaras, 1934) . Second, the accumulation of polymers at the interface will produce a surface potential, which will tend to oppose additional adsorption of charged molecules. Because the charge on the polymer is reduced as pH is depressed, these forces that oppose adsorption will also be reduced, and the adsorption energy will be increased.
The increases in surface activity with increasing concentration suggest that, if polymer surface activity is the driving force for membrane solubilization, then the pH at which solubilization occurs should be dependent on concentration, shifting to higher pH at higher polymer concentrations. Membrane solubilization is easily observed by the reduction in light scattering that accompanies the dissolution of MLV on acidification (Fig. 2 inset) . The pH at the onset of solubilization (as defined by a reduction in scattering 10lo of the total) does change with PEAA concentration, as shown in Fig. 2 . As expected, higher concentrations of PEAA act to solubilize membranes at higher pH than do lower concentrations. The shift in pH is -0.23 pH unit for each factor of 10 increase in concentration, or about 0.10 pH unit for each factor of e increase in concentration.
Increasing concentration increases the polymer chemical potential in solution, and thereby increases the driving force for migration to either the air-water interface or the membrane-water interface. As shown by the surface tension measurements, the driving force can also be increased by lowering the pH. Lowering the pH from 7.0 to 6.0 increased the driving force from 10.3 kT/molecule to 18.4 kT/ molecule, as shown in Table 1 . This corresponds to a pH shift of -0.12 pH unit for each increase of kT in driving force. From the surface tension data, then, we would anticipate that an increase in polymer concentration by a factor of e would result in a corresponding elevation of the critical micellization pH by roughly 0.12 pH unit: the increase in driving force provided by the higher solution polymer concentration is AlL = kTln e = kT, and this change in driving force is compensated by a pH shift of -0.12 pH unit. This number is in reasonable agreement with the directly measured pH shift of -0.10 pH unit. (Note: Some discrepancy between the surface tension measurements and the micellization measurements is to be expected. The surface tension measurements yield average free energies per molecule adsorbed, for all molecules adsorbed. The amount of polymer adsorbed at the membrane surface, -0.06 molecules/nm2 at rupture (determined from compositional analysis of the resultant micelles), is much lower than that adsorbed at the air-water interface. Therefore, the surface tension measurement includes driving forces for "additional" molecules which accumulate at the air-water interface, but which do not accumulate at the membranewater interface due to the intervention of the micellization process.) To explore more directly the pH dependent interaction of the polymer with membranes, a modified PEAA (dPEAA) with 2 mol % pendant dansyl groups was used. The fluorescence emission from the dansyl fluorophore depends strongly on environmental polarity (Waggoner and Stryer, 1970) . In polar environments, the emission is centered at 570-580 nm, as observed for dPEAA in phosphate-buffered aqueous solutions at pH >6.8, Fig. 3 . In a hydrophobic --73) than does the lower concentration (pH --7.0) (Fig. 4 B). (The dansyl fluorophore is itself hydrophobic, and consequently shifts the critical pH for reorganization with respedt to the unmodified polymer.)
It is interesting to examine the adsorption of dPEAA as a function of solution dPEAA concentration. The dansyl fluorescence enhancement is shown in Fig. 5 (Davis and Scriven, 1982) , so that disruption of the hydration layer will alter the water density gradient and dramatically affect the surface tension of the bilayer outer leaflet.
In agreement with these theoretical considerations, we find that the membrane affinity of a fluorescent reporter attached to PEAA diminishes as the extent of adsorption increases. Importantly, the dansyl reporter is able to adsorb to as high a level at pH 7.41 as at pH 7.24, which would not be true ifcharge effects were limiting this adsorption. Rather, these results are consistent with a polymer-induced reduction in interfacial tension, which then reduces the driving force for further polymer association.
Changes in interfacial tension have been proposed to account for a variety of structural changes in biological membranes. The conversion of chylomicron surface components into micelies is thought to be due to a reduction in surface tension caused by the addition of apoproteins from serum (Atkinson and Small 1986) . Upsetting the balance of interfacial forces in a bilayer can cause destabilization (Oster et al., 1989) and has been proposed to drive Golgi vesicle formation and to contribute to viral budding. Thermal denaturation of spectrin in erythrocytes causes membrane fragmentation (Gallez and Coakley, 1987) . This last observation is particularly germane to the actions of PEAA, since denatured proteins, like this polymer, will have a random coil structure with both hydrophobic and hydrophilic groups exposed.
Observations reported here support a model of surface activity driven micellization of DMPC membranes by PEAA It is especially interesting, in this regard, to note that the solubilization products from DOPC membranes are structurally distinct from those of the saturated phosphatidylcholines, as observed by Eum et al. (1989) : PEAA reorganizes DOPC into very small vesicles (-40 nm diameter), rather than micelies of 15 nm diameter. PEAA-induced reorganization of membranes is sensitive to the membrane composition, even though no specific molecular recognition is thought to occur. Differentiation between DOPC and DMPC must occur at a supramolecular level; i.e., the different physical properties of these two matefials must play a role.
In spite of the statistical, random coil structure of PEAA, it demonstrates highly cooperative, pH-dependent molecular switching of bilayer membrane structure. The results reported herein show that this structural conversion is correlated with the surface activity and membrane binding properties of the polymer. 
